Results: At diagnosis, TA in primary tumors did not correlate with outcome. During therapy and follow-up, highly significant correlation was observed between high TA in PBL samples and adverse prognosis (P < .0001). None of the patients harboring low TA progressed, with a long follow-up (median, 60 months) and a progression-free survival (PFS) of 100%. In nine patients, high TA actually could predict relapse, long before overt clinical relapse. The group of patients with high TA and positive RT-PCR had the most adverse outcome; PFS of 20% (P ‫؍‬ .0025). TA was found to be a better prognostic factor than RT-PCR and histopathologic response at surgery.
E WING'S SARCOMA (ES) is the second most common
primary malignant bone tumor in children and adolescents, and it belongs to a group of neuroectodermal tumors known as the ES family of tumors (EFT). 1 All EFT share one of the following specific translocations: t(11;22), t(21;22), t(7;22), t (17;22) , and t(2; 22) . [2] [3] [4] [5] [6] [7] These translocations result in the fusion of the EWS gene on 22q12 with different ETS oncogene superfamily-related genes, FLI-1 (85% to 90%), ERG (5% to 10%), ETV-1, E1AF (1%), and rarely, FEV. The various EWS rearrangements seem to be pivotal events in EFT tumorigenesis and these genetic alterations are considered distinct diagnostic features of these tumors. 3 At diagnosis, approximately 25% of patients have detectable metastatic disease, but the majority of patients may have micrometastases, undetectable by conventional methods, as evidenced by a very low cure rate with local therapy. The standard care includes combination of aggressive chemotherapy, radiotherapy, and surgery. Initial response to therapy, assessed by histologic analysis of surgical specimens as the degree of tumor necrosis, has become an accepted valid prognostic factor, especially in localized tumors of the extremities. Despite advances in therapy, more than 50% eventually relapse, even after 5 years. 8 Several groups have used reverse transcriptase polymerase chain reaction (RT-PCR) for the accurate diagnosis and for determining the presence of occult micrometastases in bone marrow (BM) or peripheral blood (PBL) at diagnosis and during therapy. 9, 10 Some studies have shown an association between outcome and the presence or absence of tumor cells in BM at diagnosis and in PBL during therapy, 11, 12 and recently in both at diagnosis. 13 Telomeres are specialized structures at the ends of eukaryotic chromosomes, consisting of hundreds of repeated hexanucleotides (TTAGGG) n .
14 Telomeres protect the chromosomes from DNA degradation, end-to-end fusions, rearrangements, and chromosome loss. 15, 16 Due to the inability of DNA polymerase to replicate the ends of double-stranded DNA, known as the "end replication problem," telomeres are progressively shortened with each round of cell division, leading to cellular senescence. 17 A reduction in telomere lengths has been described in a wide range of human cancers, [18] [19] [20] [21] [22] and progressive telomere shortening has been shown to contribute to genomic instability.
23
Telomerase expression is a characteristic feature of permanent cell lines and a vast majority of human malignant tumors, whereas most normal somatic tissues do not express telomerase. 24 Recent findings support the concept that activation of telomerase may be a critical, if not obligatory step in the development of cancer. 25 Telomerase, a multisubunit ribonucleoprotein, is capable of adding telomeric DNA to the ends of linear chromosomes using its RNA template. 26 Previous studies have found telomerase activity (TA) to be a useful diagnostic and prognostic marker in various neoplasms. [27] [28] [29] [30] High levels of TA have been found in a variety of malignancies in adults, particularly in gastric, prostate, colon, ovarian cancer, and brain tumors.
21,31-34 Among pediatric solid tumors, the most studied one is neuroblastoma, where TA has been found as an independent prognostic factor. 35, 36 Recently, the telomerase catalytic subunit (human telomerase reverse transcriptase [hTERT]) was cloned, and its expression revealed a strong correlation with TA. [37] [38] [39] Early detection and treatment of relapse may prevent or delay tumor progression. The search for new molecular markers for assessing the individual patient's prognosis is of vital importance. We postulated that telomerase might be a good candidate for these goals.
In our study, 31 EFT patients were analyzed for TA, hTERT expression and telomere length in primary tumors, and in PBL at diagnosis, during therapy and during surveillance; the results were correlated with clinical parameters and outcome.
PATIENTS AND METHODS

Patients
Twenty-five primary tumor specimens, 97 PBL samples, and two BM samples were obtained from 31 EFT patients with nonmetastatic disease who were admitted to the Pediatric Hematology/Oncology Department at Schneider Children's Medical Center (Petah Tikva, Israel). Informed consent was obtained from the patients or their guardians, and the local and national ethics committees approved the research project. All patients were treated according to the protocol for EFT, including a combination of aggressive chemotherapy, radiotherapy, and surgery. Median age at diagnosis was 14 years (range, 0.3 to 27 years). Twelve patients were females, and 19 were males. Primary sites were: nine pelvis, three sacrum, 14 limbs, and five others. Response to therapy was defined by histopathologic response and assessed by percentage of tumor necrosis at the time of surgery (limb salvage procedure) following neoadjuvant chemotherapy and radiotherapy. Nineteen patients were good responders (Ն 90% tumor necrosis at the time of resection), nine were poor responders (Ͻ 90% of tumor necrosis) and three had an inoperable tumor (primary site: cranium, chest sacrum). Nine patients (29%) progressed, four locally, three in the lung, and two in distal bone. Median follow-up was 60 months (range, 7 to 153 months). All tissue samples were snap-frozen in liquid nitrogen immediately after surgery, and all samples were stored at Ϫ80°C until use. All patients were clinically well with no evidence of disease at the time before relapse. In addition, PBL samples from 20 age-matched healthy individuals were included as controls.
TA
Tissue and PBL samples were analyzed for semiquantitative TA using the TRAPeze telomerase detection kit (Intergene Company, Purchase, NY), according to manufacturer's instructions. The protein concentration in cell extracts was determined by the Bradford assay (Bio-Rad; Hercules, CA), and 0.6 g protein was used for each reaction. After 30 minutes incubation at 30°C for telomerase-mediated extension of the TS primer (-5Ј-AATCCGTC-GAGCAGAGTT-3Ј), the reaction mixture was subjected to 35 polymerase chain reaction (PCR) cycles of 94°C for 30 seconds, 58°C for 30 seconds, and 72°C for 45 seconds. The PCR products were then electrophoresed in 10% polyacrylamide gels and silver stained. Each analysis included a heat inactivation control (sample incubated at 85°C for 20 minutes before reaction), a negative control (buffer lysis only) and a TSR8 positive quantitative control. TSR8 is an oligonucleotide that serves as a standard for estimating the amount of primers with telomeric repeats extended by telomerase in a given extract. Telomerase-positive cells derived from a cell line, provided in the kit, were also used as a positive control. TA was measured by a densitometer using Quantity One software (PDI, Huntington Station, NY). Based on statistical analysis of the values' range, we defined Ն 80% of mean optical density (OD) values of TSR8 as high TA. The low TA group was comprised of negative samples and samples exhibiting less than 80% of the positive quantitative control. An extract was considered negative for TA when the 36-bp band (the internal assay control) was present and no detectable ladder pattern was found. All analyses were conducted in duplicates and results were reproducible.
Telomere Length Determination
Six microgram aliquots of genomic DNA was digested with HinfI and separated on 0.8% agarose gels. Fractionated DNA fragments were blotted onto nylon membranes (Qiagen GmbH, Hilden, Germany) and hybridized with the telomeric probe (TTAGGG) 3 that had been labeled with [␥- 33 p]ATP at the 5Ј end by using T4 polynucleotide kinase (New England Biolabs Inc, Beverly, MA). The intensity of the hybridization was evaluated by densitometric analysis with Quantity One software and terminal restriction fragments (TRF), an indicator of mean telomere length of a sample, was estimated at the peak position of the hybridization signal over the range of 2 to 23 kb. Telomere shortening or elongation were defined as less than 80% or greater than 120% of the median length (9.0 Kb) of the corresponding normal PBL, respectively. 40 
Telomerase Catalytic Subunit (hTERT) Expression Analysis
Total RNA was isolated from tumor and PBL samples using Tri Reagent (Molecular Research Center Inc, Cincinnati, OH) according to manufacturer's protocol. Gene expression of hTERT was evaluated by quantitative RT-PCR performed on the LightCycler (Roche Diagnostics GmbH, Mannheim, Germany), using the LightCycler TeloTAGGG hTERT quantification kit following supplier's instructions. Gene expression of the housekeeping gene porphobilinogen deaminase (PBGD) was used as a control. Quantitative analysis was performed using the LightCycler software. The copy numbers of starting templates was calculated by comparing the relative fluorescence signals of the samples with external hTERT mRNA standards. The RNA standards used were 
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10-fold dilutions starting from 10 6 copies/reaction, to 10 2 copies resulting in standard curves. High expression of hTERT was defined as equal or more than 100 copies, while less than that was considered low expression.
RT-PCR Analysis
Twenty-five samples of PBL were analyzed by RT-PCR for the chimeric transcript which was identified in the primary tumor of these patients at diagnosis. All samples harbored only the EWS-FLI1 transcript. Total RNA was isolated as mentioned above. RT-PCR was performed with the Access RT-PCR System (Promega, Madison, WI) according to instructions with 1 g total RNA, 2.5 mol/L magnesium, random hexamers, and previously described primers.
3,9,41
Statistical Analysis TA was assessed for potential association with a number of clinical and molecular parameters, including patients' age, sex, primary site, tumor necrosis, hTERT expression, and presence or absence of chimeric transctripts by RT-PCR. The associations were evaluated using the Fisher's exact test and P Ͻ .05 was considered to be statistically significant. Distributions of progression-free survival (PFS) were estimated by the Kaplan-Meier analysis (using log-rank). Results were considered significant for P Ͻ .05. Univariate and multivariate analysis were performed using Cox regression study.
RESULTS
At Diagnosis
TA. TA was tested on 25 EFT primary tumors and nine PBL samples available at diagnosis. TA was detected in 84% (21 of 25) and in 67% (six of nine) of the tumor and PBL samples 
Abbreviation: hTERT, human telomerase reverse transcriptase gene.
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respectively. The telomerase positive tissue extracts produced a characteristic 6-bp ladder as shown in Figure 1 . High TA (HTA) was observed in 71% (15 of 21) of the tumors. Of these patients, eight relapsed (53%), while in the 10 low-TA patients, four (40%) relapsed. Evaluation of progression-free survival (PFS) analysis did not reach a significant difference between high and low TA groups.
Among the PBL samples, 56% (five of nine) showed high TA; of these patients, 40% (two of five) relapsed and as in the primary tumors, had no significant correlation with clinical outcome. By Fisher's exact test, TA was correlated to known clinical parameters such as age at diagnosis, primary site of tumor, sex, and response to therapy (Table 1) . No significant correlation was found between any of these clinical parameters and TA.
hTERT expression. Twenty tumor samples were tested for expression of hTERT mRNA (Fig 2) . High expression of hTERT (Ն 100 copies) was identified in 55% (11 of 20), and it significantly correlated with high TA as nine of the 11 samples overexpressing hTERT mRNA, also presented high TA (P ϭ .038, Table 1 ).
Telomere length. Twelve tumor DNA samples were analyzed using Southern blot for telomere length (Fig 3) . Eight of 12 tumors exhibited changes in telomere lengths: five shorter and three longer than the median benign samples. Alteration in telomere length was associated with high TA in five (71%) of seven tumors. No significant correlation was found between telomere length and TA.
During Therapy and Follow-Up
TA. A retrospective analysis of TA was performed in 88 PBL and two BM samples from 26 patients at different time points during a long follow-up ranging from 7 to 153 months (median, 60 months). One to 10 samples were analyzed per patient (mean, five samples per patient). For the PFS and the prediction of relapse, the last available sample per patient was evaluated (24 PBL and two BM samples).
TA from the last sample analyzed was correlated with the same clinical parameters, as at diagnosis (Table 2) . A significant correlation was found between high TA and age below 12 years (P ϭ .003). No association was found with sex, site of the primary tumor, or response to therapy.
High TA was observed in 11 patients (42%). Nine (82%) of 11 patients with high TA relapsed, while none of the 15 patients with low TA did. Highly significant correlation was 
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observed between TA in PBL samples and PFS. Low TA patients had 100% PFS, while high-TA patients had 18% PFS (P Ͻ .0001; Fig 4) . Since we analyzed many samples during a long follow-up, it was possible to observe the kinetics of TA. Low TA in all samples analyzed from the same patient was detected in seven patients (27%); high TA was detected in all samples from seven patients (27%). Samples from eight patients (31%) turned from high to low TA. In four patients, low TA turned to high TA. All seven patients that consistently exhibited high TA relapsed. Of the four patients who had a shift to high TA, two relapsed. None of the patients who consistently harbored low TA or turned to low TA relapsed.
In nine patients, high TA could predict relapse before overt clinical relapse (Table 3 ). In six of these patients, earlier samples were studied, and four of the samples harbored high TA. In two patients, samples turned from low to high TA.
Twenty-five samples of PBL were analyzed for both TA and the presence of the chimeric transcript EWS-FLI1 by RT-PCR (Table 4) . Nineteen (76%) of 25 samples were in concordance, meaning they were RT-PCR positive with high TA, or RT-PCR negative with low TA. Of the six samples that were not in concordance, three were RT-PCR positive with low TA, of which no patient has progressed, and three were RT-PCR negative with high TA, of which one patient progressed. Of the 19 concordant results, nine relapsed, all with high TA and positive RT-PCR. A significant correlation between TA and RT-PCR was observed (P ϭ .030), and their predictive value of relapse was similar.
Age older than 12 years at diagnosis (P ϭ .01, data not shown), and a greater than 90% tumor necrosis at the time of tumor resection (P Ͻ .0001; Fig 5) were favorable prognostic factors for predicting PFS. We attempted to identify which independent factor had a significant influence on survival. It was not mathematically possible to establish the Cox multivariate study including TA, because one subset of events was empty (no cases of relapse within the group of low telomerase samples). 
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Therefore, we performed Kaplan-Meier analysis of PFS with TA in the favorable group of patients who had more than 90% of tumor necrosis (Fig 6) , and with both TA and positive/negative RT-PCR in this group (Fig 7) .
Our data show that for patients with greater than 90% tumor necrosis, low TA was a significant favorable parameter and high TA was an adverse prognostic parameter regardless of their initial good histopathologic response (P ϭ .0006), and therefore, TA is a better prognostic indicator. The same results were achieved when both TA and RT-PCR were analyzed. No relapses occurred in patients with low TA and negative or positive RT-PCR, with 100% PFS at a median follow-up of 60 months. High TA and negative RT-PCR determined an intermediate-risk group with 50% of 5-years PFS. The most adverse-risk group was high TA and positive RT-PCR with only 20% PFS (P ϭ .0025). Thus, the combination of TA and RT-PCR results could identify three risk groups: good-, intermediate-, and high-risk. When we performed a multivariate analysis with high TA cases only, tumor necrosis was a significant protective parameter (P ϭ .04) while RT-PCR lost its significance (P ϭ .1; data not shown). According to our data, TA turned to be a significant prognostic factor in EFT patients during follow-up.
hTERT expression. The expression of hTERT was tested in 22 PBL samples of EFT patients during follow-up. The samples of seven patients expressed high hTERT (Ͼ100 copies), four of them relapsed (57%), while of the 15 patients whose samples expressed low hTERT (Ͻ100 copies), only two relapsed (13%). PFS comparing patients with high and low hTERT expression was statistically significant (P ϭ .038; Fig 8) . All these samples that were tested for hTERT were also analyzed for TA and correlated significantly (P ϭ .0136, Table 2 ).
Normal cohort. All 20 normal PBL samples studied showed no detectable TA by TRAP assay.
DISCUSSION
The present study is, to the best of our knowledge, the first report on TA and its possible prognostic significance in patients with EFT over a long period of follow-up (7 to 153 months; median, 60 months). Moreover, this is the first extensive study that attempted to evaluate TA in PBL as a marker for minimal 
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residual disease (MRD). Many studies in various other malignancies showed that high TA in primary tumors at diagnosis was associated with unfavorable clinical features, and some of them revealed a significant correlation between TA and survival in cancer patients. 21, 22, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] In some of these studies, hTERT expression also correlated with TA.
In contrast to these reports, we did not find in EFT primary tumors any correlation between TA and clinical outcome at diagnosis. Even so, there was a significant correlation between TA and hTERT expression in these tumors (P ϭ .038).
Numerous studies have shown that changes in telomere lengths are associated with unfavorable outcome. A reduction in telomere length has been reported in several malignancies: colorectal carcinoma, renal cell carcinoma, and childhood leukemia. 18, 19, 42 A correlation between shortened telomeres and TA was also established for ovarian and gastric cancer.
21,31 However, telomeres can be stabilized at virtually any length. Indeed some cancers, such as basal cell carcinomas, may have unchanged or elongated TRFs, whereas liposarcomas show a characteristically large variation in telomeric length, shortened or elongated in comparison with normal tissues. 43, 44 This could explain why, in contrast to enzyme activity, relatively few studies regard TRF measurements as a useful prognostic factor. TRFs in EFT revealed a heterogeneous pattern. In our small cohort study, we found changes in TRF in 69%; six had shortened TRFs, three had elongated ones, and the rest were unchanged. Seventy-five percent of the tumor samples with changes in TRF also expressed high TA. The three patients whose tumors showed elongated TRFs are well with no evidence of disease, while three of the six patients whose tumors exhibited shortened TRFs had relapsed. However, of the four patients with unchanged TRFs, three relapsed. Our preliminary data suggest that elongated TRFs may be associated with a more favorable outcome in EFT patients, but the study should be extended to a much larger cohort.
In order to evaluate the potential use of TA as a marker for MRD, we analyzed PBL samples from 20 healthy donors by the TRAP assay and no TA could be detected in any of them, suggesting that TA determination could be used in PBL samples. Eighty-eight PBL and two BM samples were analyzed for TA during follow-up, many of which were also tested for hTERT expression. In the present study, a highly significant correlation between high TA and poor outcome was observed (P Ͻ .0001), and TA could distinguish between patients with a high-or low-risk of relapse. While 82% of the patients with high TA relapsed, none of the low TA group did. In nine patients, high TA actually could predict relapse long before overt clinical relapse (2 to 15 months). Tumor necrosis, which is considered a strong clinical prognostic factor, was also highly correlated with outcome. Five patients who were good responders still relapsed, and all of them harbored high TA. This suggests that high TA during follow-up significantly correlates with clinical outcome. The data that high TA in the PBL could be used as a reliable prognostic marker has additional added value for monitoring residual disease, particularly in children.
Based on the presence of unique chimeric transcripts in EFT cells, the feasibility of RT-PCR for follow-up of MRD in EFT patients has been demonstrated recently by several groups [9] [10] [11] including ours (manuscript submitted for publication). In 25 patients, both TA and RT-PCR analysis of the chimeric transcripts were performed. A significant correlation between TA and RT-PCR was observed (P ϭ .030). In the group of patients with over 90% tumor necrosis at surgery, TA turned to be a much stronger indicator when comparing the value of TA and RT-PCR in predicting the risk to relapse, as shown in . 24 Therefore, a sample harboring high TA may imply a higher number of tumor cells which by now already indicate relapse. This may explain the discrepancy between RT-PCR and TA results.
A significant correlation between expression of hTERT and TA was observed during follow-up, and it was associated with adverse prognosis (P ϭ .038).
High TA during follow-up was a significant prognostic factor for PFS and was more predictive than the known clinical prognostic parameters. Low TA during follow-up may indicate a favorable localized group with low-risk of relapse.
Although the number of patients in our study is small, our results suggest that TA could be used as a marker for monitoring EFT patients during follow-up. This study should be extended to a larger cohort of patients to further validate our observations. TA analysis, performed at precise time points, could be used for stratification of patients at risk of relapse.
